Although Lithodes santolla is a resource with high commercial importance that has aroused interest in controlled reproduction in captivity, currently, little knowledge is available about basic reproductive aspects of this species. This research study describes detailed oogenesis stages at the histological level in adult females of the southern king crab of the Magellan and Chilean Antarctic Region. Oogenesis was quantitatively analyzed from the proliferation of 10-24 μm oogonia and during oocyte growth. Five stages of ovary development were identified: multiplication (0), previtellogenesis (I), vitellogenesis (II), maturity (III) and spawning (IV). Furthermore, 11 oocyte substages were distinguished: oogonia, chromatin nucleolus, early perinucleolus, late perinucleolus, oil globule, early vitellin globule, late vitellin globule, postvitelogenic, germinal vesicle migration and germinal vesicle breakdown. Primary vitellogenesis occurred in oocytes 180-185 μm, containing acidophilic globules and surrounded by a layer of thick follicle cells (20-40 μm). Secondary vitellogenesis was evident in oocytes at 315-321 μm with numerous acidophilic granules in the cytoplasm and surrounded by thin follicle cells; then, cortical crypts appeared, indicating the prematuration stage and preparation for ovulation. This study allows establishing gonadic changes that occur during a reproductive cycle of female L. santolla and help to strengthen aquaculture initiatives and management in the Magellan and Chilean Antarctic Region.
INTRODUCTION
The king crab, Lithodes santolla, also known as the southern king crab, Magellanic centolla, Patagonian centolla, Chilean centolla or common king crab, is like the North Pacific king crab, Paralithodes camtschaticus. The southern king crab is one of the main fisheries of the Magellan and Chilean Antarctic Region and an important source of foreign currency, exchange and jobs in the region (SUBPESCA, 2014; Webb, 2014) .
The crab fishery uses the strategy known as "SSS" (size, sex, season), with size regulation, the prohibition of landing females and a closed season to protect the reproductive process. In addition, fishing effort is made through the regulation of fishing gear and control of the number of vessels, prohibiting the entry of new units __________________ Corresponding editor: Enrique Dupré (SUBPESCA, 2014) . A ban from December 1 has restricted the fishing season until June 30 of the following year. The historic technical sustenance of this prohibition, which was developed during the 1980-1990 decade, is based on the knowledge of the reproductive process. The regulation is still in force but requires the revision and validation of the changes that the fishing activity and the environment have suffered (SUBPESCA, 2014) . Considerable information on gonadic development is still necessary to understand the reproductive process of the species.
Gonadic development associated with the reproductive cycle of aquatic organisms is often established using macroscopic scales of sexual maturity, gonadic indices and condition factor, which frequently do not agree with the dynamics and gonadal functioning cycle (Palacios et al., 1999; Peixoto et al., 2003; FeitosaSilva & Da Cruz-Landim, 2006; Castiglioni et al., 2007) . In some crustacean decapods, such as prawn and shrimp, ovarian development can be visualized by shining a light through the transparent carapace of the animal (Ceballos-Vázquez et al., 2003; Bembe, 2009; Alfaro-Montoya, 2013) , but in many crab species, including L. santolla, the carapace is opaque, and this technique cannot be used.
Histological analysis of the reproductive system of aquatic organisms has led to more complete knowledge of the gonad functions and provides high precision in characterising the oogenesis phases and the reproductive cycle of any species (Johnson, 1980; Yano, 1988; Tan-Fermin & Pudadera, 1989; Minagawa et al., 1993; Rodríguez-Jaramillo et al., 2008; Kodama et al., 2009; Santos et al., 2009; Ravi et al., 2012; Smija & Sudha-Devi, 2015) .
Cytological and histological studies of L. santolla have shown the development of sex cells in males and females (Vinuesa, 1984; Vinuesa & Labal de Vinuesa, 1998; Lovrich & Vinuesa, 2016) , and established that oogenesis in females is a cycle that lasts 20 to 23 months; two parallel gametogenic cycles in the ovaries occur. As a result, oocytes will also mature annually, before oviposition. In L. santolla females, gonad maturity is evident externally when they carry eggs because they extrude the oocytes at the moment of the copulatory embrace and fertilization; size at sexual maturity has been established with this information (SUBPESCA, 2014; Lovrich & Vinuesa, 2016) . Size at sexual maturity is an important parameter in a population to define the fraction of sexually active population and make decisions about population status (sex ratio, operational and the proportion of ovigerous females), which is also advantageous for managing fisheries because any failure in reproduction can be detected after the copulation period. However, the term "sexual maturity" in L. santolla and other lithodids is still unclear. In the literature, it has been interpreted ambiguously, but it was clearly defined by SainteMarie et al. (1995) and Sampedro et al. (1999) . This terminology tends to be standardized in the literature of the last decade where different terms have been used to describe maturity stages (Sampedro et al., 1999) .
Therefore, the objective of this study was to gain knowledge of basic reproductive aspects of the southern king crab, especially the characterization of the oogenesis phases from the histological and histochemical points of view.
MATERIALS AND METHODS

Sampling and tissue processing
During reproductive and non-reproductive seasons, a total of 312 L. santolla adult females were caught with a king crab trap on board traditional fishing vessels, under fishing permit SUBPESCA, Magallanes Nº3-101 along the coastal fiords and channels of the Magellan and Chilean Antarctic Region during the sampling years of 2012 (89 ind), 2013 (51 ind), 2014 (75 ind) and 2015 (97 ind). The crab specimens ranged to about 133.8 ± 18.1 mm of carapace length (CL) and about 1.99 ± 0.396 kg of total body weight (TW).
Reproductive tissues were dissected from freshly sacrificed females, and the gonadosomatic index (GSI) was calculated as a percentage of the wet weight of reproductive tissues (gonad weight, GW) relative to the wet weight of the entire female (TW) (López-Greco & Rodríguez, 1999) . Weights were measured to the nearest 0.01 g. Ovary lobes (anterior, middle and posterior regions) were carefully dissected from the abdominal cavity and fixed in Davison's solution (Humanson, 1979) to identify oogenesis stages by histological analysis.
Histological analysis
The fixed ovary lobes were dehydrated in ascending ethanol series, 70, 80, 95% and 100%) cleared in xylene and embedded in paraffin (Paraplast X-Tra, Mc Cormick Scientific, San Diego, CA, USA). Slides were prepared in 4 μm thick sections using a rotary microtome (Leica RM 2155, Leica Microsystems, Germany) and mounted on glass slides. Sections were stained for 5 min (Leica ST5020 Multistainer; Leica Microsystems) with Harris's hema-toxylin (SJV Grupo Bioquímico Médico, México), and counterstained with eosin-phloxine for 12 min, to visualize the gonadal development stage of each sample. Slides were observed under a light microscope (Olympus BX50, Olympus Optical, Japan) equipped with a digital camera. The photomicrographs were digitalized with Image-Pro Premier 9.0 software. The histological characterization of crustacean decapods was revised for crabs (Varadarajan & Subramoniam, 1980; Santos et al., 2009; Smija & Sudha-Devi, 2015) , shrimp (Yano, 1988; Tan-Fermin & Pudadera, 1989; Kodama et al., 2009; El-Sheriff et al., 2012) , and lobsters (Minagawa & Sano, 1997; Feitosa-Silva & Da Cruz-Landim, 2006) .
Oocyte area and diameter measurements
Each slide was digitalized at high resolution (600 dpi; 40x) and processed in triplicate with Image-Pro Premier 2D version 9.2 for calculating total area (A) and theoretical mean diameter (TD) of each oocyte type to characterize detailed stages of oogenesis. Only were oocytes with a clearly defined nucleus considered for calculating A. The TD was calculated from A of each oocyte, using the formula by Saout et al. (1999) : TD = √4A/π.
Histochemical analysis
Slides of ovary tissue were also stained with Sudan Black B to identify lipids (Bayliss, 1984) . Finished slides were observed (40x) with a research microscope equipped with a camera, digitalized at high resolution (600 dpi; 40x), and processed in triplicate through an image signal technique standardized by Rodríguez-Jaramillo et al. (2008) , using Image-Pro Premier 9.0 software. The pixel proportion of the total represented a proportion of the lipids present in each oocyte. This technique is based on the conversion of the image color to an intensity level image to enhance a specific dye (Otsu, 1979) . Lipid indices were calculated by the formula of Rodríguez-Jaramillo et al. (2008) : Lipid index = (SAC/AT) × 100 where SAC is the total coverage area of five images and AT is the number of total images of the area, expressed in µm 2 . The same formula was used for calculating the lipid index of each identified oocyte substage. In this case, SAC is the total coverage area of oocytes and AT is the total oocyte area, both expressed in µm 2 .
Statistical analysis
Histological quantitative data (TD) were transformed to logarithm base 10 to determine statistical differences between the oogenesis stages and among years of sampling, and percentage-expressed values (GSI and Lipid index) were arcsine transformed to fit a normal distribution (Zar, 1999) . Two One-way analyses of variance (ANOVA) were performed using the transformed data, considering "stages of oogenesis" and "years of sampling" as factors separately. All statistical analyses were performed with the General Linear Model (GLM) of statistical software StatSoft 10. The level of statistical significance was set at P < 0.05. When statistical differences were found, the means were compared with the Tukey post-hoc test. Backtransformed means were calculated, and standard errors were those obtained from untransformed variables.
RESULTS
Morphologic variables and those related to gonad development (Gonadosomatic index (GSI), theoretical mean diameter (TD) and lipid index) of females collected between 2012 and 2015 are shown in Table 1 . Significant differences (P < 0.05) were found between carapace length (CL) of females collected in the different years; the CL of females collected in 2014 was slightly lower. The total body weight of females collected in 2013 and 2015 was significantly higher (P < 0.05) than that of females collected in 2012 and 2014. Regarding the GSI, the ANOVA analysis showed significant differences (P < 0.05) among the females collected during the different sampling years. Females collected in 2015 had the highest values. About the TD, females collected in 2015 also had the highest values (P < 0.05). Lipid index was significantly lower (P < 0.05) in females collected in 2012 whereas it was similar in females collected in 2013, 2014 and 2015.
Histological characterization of oogenesis
The reproductive system of female Lithodes santolla follows the anatomical pattern observed in other Anomura crabs, such as P. camtschaticus (Webb, 2014) . The female reproductive system consists of paired ovaries (dorsum-lateral to the digestive system, and connected in the middle, as an "H" shape) and oviducts, which are connected to gonopores located on the ventral surface of the exopodites of the second pereiopods.
The cells that constitute L. santolla ovaries are of three main types: oogonia, oocytes in different stages of development and follicle cells. The oocytes in the ovary undergo a series of morphological and biochemical changes, such as degree of yolk accumulation during development.
The differences found between ovary cells by qualitative and quantitative histological analyses lead us to classify Lithodes santolla oogenesis into five sequential stages (Table 2) : 0 multiplication, I previtellogenesis, II vitellogenesis, III maturity and IV spawning. Furthermore, according to their cellular characteristics, 11 oocytes substages were distinguished: 1) oogonia (Og), 2) chromatin nucleolus (Cn), 3) early perinucleolus (Pn1), 4) late perinucleolus (Pn2), 5) oil globule (Li), 6) yolk globule (yg), 7) early vitellin globule (Ev1), 8) late vitellin globule (Vo2), 9) postvitelogenic (Pvo), 10) germinal vesicle migration (Gvm), and 11) germinal vesicle breakdown (Gvb) ( Fig. 1 ; Table 2 ).
Oogonia are cells characterized by one basophilic nucleolus; dispersed chromatin, extremely narrow and weakly basophilic cytoplasm (Fig. 1a) . These cells are spherical, and their diameter ranged from 10-24 μm. Oogonia were detected in the central germinal zone in multiplication, previtellogenic and vitellogenic (primary and secondary) stages and the mature stage of oogenesis.
The chromatin nucleolus, early chromatin perinucleolus and late chromatin perinucleolus oocytes were observed in the previtellogenic stage, (Figs. 1b-1d ). The chromatin nucleolus measured 49-52 μm in diameter. The early chromatin perinucleolus oocytes measured 78 to 80 μm in diameter and were found close to the oogonia with a weakly basophilic cytoplasm (Fig.  1c) . Additionally, some materials were observed in the basophilic nucleus. A large, round and strongly basophilic nucleolus was centrally located in the nucleus with six or seven circular nucleoli situated peripherally. Table 1 . Mean ± standard error of morphometric variables (carapace length and total body weight), gonadosomatic index (GSI), theoretical mean diameter (TD) and lipid index of Lithodes santolla females collected along the coastal fiords and channels of the Magellan and Chilean Antarctic Region, during the sampling years. *Gonadosomatic index (GSI) was calculated as wet gonad weight [(GW)/wet weight of the entire female (TW)] ×100. Superscript letters indicate significant differences after a one-way ANOVA (P < 0.05) and Tukey test.
The cytoplasm was strongly basophilic. Very few follicle cells were visible around the oocytes (Fig. 1d) .
For late perinucleolus oocytes, the diameter was 124-130 μm in thickness. A large, round and strongly basophilic nucleolus was centrally located in the nucleus with five or six circular nucleoli peripherally situated. The cytoplasm was strongly basophilic . Follicle cells were visible on the outer surface of the oocyte (Fig. 1d) . The follicle layer consisted of a single layer with 30 to 40 basophilic cells (4-10 μm in thickness) through the largest diameter cross-section. Late perinucleolus oocytes had a well-defined nucleus with prominent nucleoli on the border (Fig. 1d) .
In the primary vitellogenesis stage, oil globule oocytes measured 180-185 μm in diameter. The cytoplasm was weakly basophilic although numerous acidophilic globules (2-12 μm in diameter) were found in the cytoplasm (Fig. 1e) . During this stage, the nucleus, situated at the center of the oocyte, shrank rapidly to a diameter of 15-30 μm. As a result, the nucleus was less visible at this stage. Follicle cells on the outer surface of the oocyte expanded rapidly to measure 20-40 μm in thickness. A late follicle consisted of 25-40 cells through the largest diameter crosssection. The nucleus was indistinct in the follicle cells, and much of the expanded cell was strongly acidophilic. A strongly positive Sudan Black B staining indicated that these droplets were oil globules (Fig. 2c) . In the early developing ovaries, oil globule and yolk globule oocytes appeared for the first time (Fig. 1g) . Early vitellin globule oocytes were also observed ( Fig.  1f) with 226-232 μm in diameter. The cytoplasm was basophilic, and a large oil globule (20-30 μm in diameter) was observed in the peripheral cytoplasm. The nuclei expanded again to measure 30 μm in diameter. The follicle cells were basophilic with indistinct nuclei. The follicle cells measured 10-12 μm in thickness.
In the secondary vitellogenesis stage, late vitellin globule oocytes measured 315-321 μm in diameter. Nuclei measured 20-70 μm in diameter and were observed centrally in the cytoplasm with several circular nucleoli peripherally situated (Fig. 1h ). In the acidophilic cytoplasm, some strong vesicles (5-8 μm in diameter) were observed, and several acidophilic yolk granules (5-10 μm in diameter) were found within the vesicles. Follicle cells measured 8-10 μm in thickness. At this stage, yolk granules were first concentrated centrally, and then gradually spread peripherically (Fig.  1h) .
During the secondary vitellogenesis stage, the histological sections showed a prominence (80%) of secondary vitellogenic stage oocytes (late vitellin globule oocytes), which occupied a considerable portion of the ovary; a few previtellogenic oocytes (chromatin nucleolus, early chromatin perinucleolus and late chromatin perinucleolus) were found (20%) interspersed among the vitellogenic oocytes.
In the maturity stage, postvitellogenic oocytes measured 455-468 μm in diameter. Accumulation of yolk granules was still observed in the cytoplasm (Fig.  1i) . The nuclei measured 100-130 μm in diameter in the early phase of this stage and began migrating to the periphery. Large and round nucleoli were still observed, and follicular cells were flatter, and only one had a prominent and rounded nucleolus. In the late phase of this stage, yolk granules occurred in germinal vesicle migration oocytes, which were characterized by a large size and a high number of oocytes (Figs. 1j-1l) . Yolk granules were acidophilic and rich in triglycerides (Fig. 2f) . In the late phase of this stage, the germinal vesicle breakdown of oocytes appeared, measuring 560-580 μm in diameter (Fig. 1n) . Oocytes contained an extensive accumulation of acidophilic yolk granules dispersed throughout the cytoplasm. This oocyte type was mainly observed in ripe ovaries. Histologically, the ovary was filled (95%) with postvitellogenic and germi- Table 2 . Histological description of the oogenesis stages of identified in adult Lithodes santolla females.
nal vesicle migration oocytes, and a few (5%) previtellogenic oocytes (chromatin nucleolus, early chromatin perinucleolus, and late chromatin perinucleolus).
In spawning and/or reabsorption stages, oocytes reached a maximum size of theoretical diameter (660 μm), and no follicular cells were observed surrounding them. The nucleus began to lose its rounded shape, migrating towards the periphery of the cytoplasm where the germinal vesicle was in the breakdown (Figs.  1m-1n) ; atretic oocytes were also observed (Figs. 1o-1p ).
The immature ovary was not described microscopically because females in this stage were not obtained.
Histochemical and quantitative analysis of oogenesis Significant differences (P < 0.05) were observed in theoretical mean diameter (TD) between the oocytes of the different oogenesis stages (Table 3 ). The oocyte was initially small (49 to 129 μm) during the previtellogenic stage and increased gradually until primary (185 to 232 μm) and secondary vitellogenic stage (321μm), reaching a maximum of 580 μm at the maturation stage (Table 3) . The ANOVA analysis indicated significant differences (P < 0.05) in lipid content between the oogenesis stages (Table 3) . Lipid content was initially low (Figs. 2a-2b) in oocytes of the previtellogenic stage (chromatin nucleolus, early perinucleolus and late perinucleolus oocytes); it increased gradually (Fig. 2c) in the oocytes of the primary (oil globule oocytes, yolk globules and early vitelline globule oocytes) and secondary vitellogenic stage (late vitellin globule oocytes) (Fig. 2d) , reaching a maximum lipid content in postvitellogenic and germinal vesicle migration oocytes at the maturation stage (Table 3; Figs. 2e-2h).
DISCUSSION
Based on the histological and histochemical characteristics (size, cell morphology and distribution pattern, and H-E staining of yolk), five phases of the oogenesis cycle were identified, and furthermore, according to their cellular characteristics, 11 oocyte substages were distinguished in Lithodes santolla. Identification of oocyte development stages by histological, histochemical and yolk accumulation patterns in decapod crustaceans has been previously used in crabs (Varadarajan & Subramoniam, 1980; Santos et al., 2009; Smija & Sudha-Devi, 2015) , shrimp (Yano, 1988; Tan-Fermin & Pudadera, 1989; Kodama et al., 2009; El-Sheriff et al., 2012) , and lobsters (Minagawa & Sano, 1997; Feitosa-Silva & Da Cruz-Landim, 2006) .
In L. santolla, the particular organization of the oocytes, according to the morphological characteristics to the interior of the maturation lobes, suggests a synchronous oocyte maturation, which progresses as the Table 3 . Mean ± standard error of theoretical mean diameter (TD), lipid index and gonadosomatic index (GSI) for each oocyte substage identified in each stage of oogenesis of Lithodes santolla. *Gonadosomatic index was calculated as wet gonad weight [(GW)/ wet weight of the entire female (TW)] ×100. Superscript letters indicate significant differences after a one-way ANOVA (P < 0.05) and Tukey test. oocytes move away from the center of the ovary. This oocyte synchrony occurs in other decapod crustaceans (Yano, 1988; Tan-Fermin & Pudadera, 1989; CeballosVázquez et al., 2003) , finding the dominance of previtellogenic or vitellogenic oocytes according to the development state. The presence of oogonia, previtelogenic and vitellogenic oocytes, together with mature oocytes in stage IV of L. santolla oogenesis, suggests that some oocytes proliferate while others remain inactive, which shows the ability of females to perform more than one spawning event. Cytological and histological studies have shown that the oogenesis of females lasts 20-30 months but begins annually, and two parallel gametogenic cycles in the ovaries occur (Vinuesa, 1984; Vinuesa & Labal de Vinuesa, 1998; Lovrich & Vinuesa, 2016) .
In this study, the histological analysis of the ovaries of females close to spawning suggested that ovulation and spawning occurred almost simultaneously, since no mature oocytes were found outside their follicles. In some species of decapod crustacean crabs, females carrying embryos close to hatching have ovaries in the advanced stage of maturity. This characteristic indicates that gonadal development in these species is usually concomitant with that of the embryo, indicating the ability of females to perform more than one spawning during their reproductive seasons (Oh et al., 2002; Meeratana & Sobhon, 2007) .
Similar to most decapod crustaceans, lithodid eggclutch production consists of phases of ovarian maturation, including primary oocyte formation and secondary vitellogenesis (lipogenesis) followed by ovoposition, fertilization, attachment to the pleopods and brooding of the eggs in the abdominal pouch. Oogenesis varies within and among lithodid species (Webb, 2014) . For L. santolla reproducing for the first time, oogenesis duration is approximately two years with primary oocyte formation in the first year and secondary vitellogenesis in the following year (Vinuesa & Labal de Vinuesa, 1998; Webb, 2014) . Following the pubertal molt, these processes occur concurrently within the ovary, and mature oocytes are produced on an annual basis (Vinuesa & Labal de Vinuesa, 1998) . Longer duration of oogenesis is consistently two years for other lithodid species, such as Paralithodes platypus and P. camtschaticus, and three years for Paralomis granulosa (Lovrich & Vinuesa, 1999) . The ability to maintain concurrent formation of primary oocytes and secondary vitellogenesis varies with life history stage, so females reproduce annually for the first two reproductive cycles and biennially after that (Jensen & Armstrong, 1989) .
This study described the oogenesis process from the proliferation of oogonies to the final oocyte growth. The development of L. santolla oocytes can be correlated with a scale of visual maturity, based on the coloration of the ovaries (Table 2) ; however, histology allows us to define and measure ovarian developmental status and oocyte population more accurately. The visual scale, based on ovary coloration, can generate overlap between the states because 75% of previtellogenic oocytes and 25% of oocytes can be present in the state of previtellogenesis, initiating primary vitellogenesis; they are initially distributed to the peri- phery of the ovarian lobes and gradually fill the lobe lumen, accompanied by oocytes in previtellogenesis, mainly oocytes in the early perinucleolus substage.
The reproductive system in L. santolla females follow the anatomical pattern observed in other lithodid species, such as P. camtschaticus and P. platypus (Webb, 2014) : paired ovaries dorso-lateral to the digestive system, and connected in the middle, showing an "H" shape, and oviducts, which are connected to gonopores located on the ventral surface of the exopodites of the second pereiopods. As in other species of decapod crustaceans, we found that coloration changes in the ovary are closely related to changes in the size of the oocytes inside the ovary. The size change in oocytes is mainly due to the rapid incorporation of yolk and lipid drops (Quackenbush, 1989; Yano et al., 1996) , which appear at the beginning towards the periphery of the cytoplasm, indicating the final stage of the state of previtellogenesis and the beginning of primary vitellogenesis.
The importance in describing the average size of oocytes during oogenesis is that females of decapod crustaceans from the same population may show the same pattern of ovarian maturation in terms of coloration, distribution of the oocytes within the ovary, and synchrony of previtellogenic, vitellogenic and mature oocytes, but not the same size, showing smaller oocytes for all development stages and consequently smaller and lower quality larvae (Palacios et al., 1999; Ceballos-Vázquez et al., 2003; Arcos et al., 2005 Arcos et al., , 2011 . In L. santolla, this knowledge is of vital importance. In this sense, reproduction is a critical event in the life history of animals; one of the indices for determining the reproductive status of marine invertebrates is based on the observation of gonadal maturation (Giese & Pearse, 1974; Rodríguez-Jaramillo et al., 2008; Ravi et al., 2012; Smija & SudhaDevi, 2015) , both at the macroscopic (color, weight and shape of gonads) and microscopic levels (histological and histochemical oocyte characteristics). The description of L. santolla reproductive cycle is needed to achieve its maturation in captivity and for fishery resource management. Considering that conservation and management decisions must be made using the best available scientific information, oogenesis knowledge and estimates of different indicators, such as the GSI, will allow estimating the "reproductive effort," age of first sexual maturity, time and place of reproduction and factors that affect the reproductive process of L. santolla. This information will allow providing a regulation for resource capture and permits to establish adequate closure periods that guarantee that fishing effort is proportional to the productive "reproductive" capacity. "Reproductive effort" has been defined as the proportion of body energy shifted to reproduction and gonadosomatic index, estimated as gonadal weight/ total body weight, which is one of the most common and simple quantitative methods currently used to evaluate "reproductive effort" (Tsuchida & Watanabe, 1997; López-Greco & Rodríguez, 1999) because it accumulates energy reserves. For L. santolla, it is particularly important because no scientific evidence is still available to predict population productivity with confidence. Furthermore, the most incipient threat is the depletion of reproductive populations, so they should be maintained at productive levels to ensure reproduction sites and permanence of this species in the Magellan and Chilean Antarctic Region.
In L. santolla, histological H-E and histochemical analysis demonstrated changes in nuclear appearance and cytoplasmatic granulation of oocytes, and significant yolk accumulation during the vitellogenesis stages of oogenesis. The secondary vitellogenic stage is marked by the uniform appearance of yolk globules and lipids in the cytoplasm, except for the clear perinuclear area. Yolk droplets, uniform in size in all cytoplasm, may be the result of a condensation process related to the accumulation of yolk substances distributed in the cytoplasm and an extra-ovarian origin of yolk proteins (Quackenbush, 1989; Yano et al., 1996) . However, immunolocalization of yolk proteins and analysis of gene expression are needed to determine the origin of yolk droplets.
The histochemical analyses indicated a remarkable increase of lipids with the primary vitellogenesis stage. Ultrastructural and biochemical studies have shown a similar pattern in other species of crustacean decapods, such as the crab Clibanarius clibanarius (Varadarajan & Subramoniam, 1980) and brachyuran crabs, such as Travancoriana schirnerae (Smija & Sudha-Devi, 2015) . In the anomura crab C. clibanarius, lipids are present from early vitellogenesis, as in L. santolla, and suggest an exogenous supplement (Varadarajan & Subramoniam, 1980) . The increase of triglycerides and decrease of phospholipids during vitellogenesis and postvitelogénesis has been observed in Pacific white shrimp Litopenaeus vannamei (Corral-Rosales et al., 2018) , by the same Sudan Black B stain, used in this study.
Incorporation of lipovitellins from labeled femalespecific proteins into vitellogenic oocytes is characteristic in decapod crustaceans (Adiyodi & Subramoniam, 1983) . The appearance of lipids in the periphery and their spread into the cytoplasm form a complex of yolk droplets in the vitellogenic oocytes. Smaller yolk spheres observed at the start of the maturity stage could indicate incorporation of lipovitellins during L. santolla oogenesis.
In this study, red color in L. santolla ovaries occurred at the maturity stage. The same color has been observed in crab species: Portunus sanguinolentus (Ryan, 1967) , Libinia emarginata (Hinsch, 1972) , Carcinus maenas (Laulier & Demeusy, 1974) , Callinectes sapidus (Johnson, 1980) and Uca rapax (Castiglioni et al., 2007) . Red may come from an external supply of carotenoid from an extra-oocytic source. In L. santolla, the lipoproteins from extraovarian sources may be linked to carotenoid pigments, serving as carriers facilitating entry of lipoproteins into oocytes, as it was suggested for the anomura crab C. clibanaurius (Varadarajan & Subramoniam, 1980) .
The results of this study showed that oocyte diameter, measured by histology, reflected yolk accumulation in the oocytes, allowing for the definition of differences between the oogenesis stages. Furthermore, this quantitative histological variable provided an accurate indicator of female reproductive activity and oogenesis status. In this context, oocyte diameter measured by histology has been reported as an indicator of ovary condition of crustacean decapods (Yano, 1988; Tan-Fermin & Pudadera, 1989; Arcos et al., 2005; Smija & Sudha-Devi, 2015) .
Oogenesis of lithodid species, such as L. santolla, has been studied by several authors (Webb, 2014; Lovrich & Vinuesa, 2016) ; methods used to evaluate maturity in female and male lithodids include gonad maturation, morphometric relationships and mating ability (Webb, 2014) . Functional maturity of female lithodids is typically determined by a single method, the size at which females are observed to be brooding egg clutches (ovigerous), and size at maturity is estimated by logistic regression of carapace length when 50% of females are ovigerous (Vinuesa, 1985; Webb, 2014) . To our knowledge this study is the first characterization of the phases, based on changes in ovary size and coloration, contrasting with modifications in the internal gonad morphology and the first quantitative description based on yolk size and accumulation during the different oogenesis stages. The exploitation of L. santolla in the Magellan and Chilean Antarctic Region takes place in an extensive area (SUBPESCA, 2014) , in which differences in terms of resource and effort distribution, capture mode and organizational level of the fishing communities have been observed. Therefore, for the fishery management plan, obtaining reproductive physiological knowledge that allows adequate protection of the reproductive process of the target population could be the key to making L. santolla fishery sustainable.
